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 Many marine organisms begin their lives as tiny larvae that are at the 
mercy of ocean currents. Understanding the transport and subsequent dispersal of 
larvae is crucial, as it drives population connectivity in the ocean. Larval transport 
is a complex process involving both physical motions of the water and larval 
behavior. Vertical positioning is especially important because currents vary 
throughout the water column, and larvae at different depths will be advected 
differently. With swimming speeds insufficient to swim against currents, marine 
larvae can mediate cross-shore transport by controlling their depth distributions. 
Thus, the overall objective of this study was to characterize the cross-shore and 
vertical distributions of barnacle larvae in La Jolla, southern California during a 
two-year period. The sampling design for this research included repeated larval 
collections in 2-m depth intervals spanning the entire water column at five cross-
shore stations located in the nearshore between ~200 to 1000 meters from the 
rocky intertidal, adult barnacle habitat. Larval distributions were compared to 
hydrographic factors, including the mid-depth of the thermocline, thermal 
stratification, current velocities, and wave height, in an attempt to discern 
biological-physical mechanisms of larval transport. Despite seasonal and annual 
hydrodynamic variability, vertical and cross-shore distribution patterns of 
barnacle larvae remained consistent: nauplii were distributed farther from shore 
and cyprids were constrained nearshore when thermal stratification was high. 
These results support the inference that behavior is substantial in facilitating 
transport during pelagic larval stages, and leads to the hypothesis that 
	 xi	
stratification elicits enhanced behavioral control of barnacle cyprid larvae to 
remain close to shore and reach their adult habitat.
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CHAPTER 1: Introduction 
1.1 Larval transport 
 Larval transport is the movement of a larva from one point to another 
(Pineda et al. 2007), and facilitates larval dispersal, which is the spread of larvae 
from their source to a suitable settlement site at the end of the larval stage (Cowen 
and Sponaugle 2009). Many marine species have complex life cycles that include 
a pelagic larval stage (Cowen and Sponaugle 2009), but the mechanism of larval 
transport in the ocean is multifaceted and complex, and thus poorly understood 
(Roughgarden et al. 1988, Pineda et al. 2007, Cowen and Sponaugle 2009, Pineda 
and Reyns 2017). A pivotal unknown includes how far organisms actually 
disperse, and how to most accurately estimate dispersal distances while taking 
into account all of the involved biological-physical processes. The movement of 
larvae away from their spawning site is crucial in limiting competition between 
adults and offspring (McEdward 1995, Jenkins and Hawkins 2003), but the return 
of larvae to stable adult populations and required habitats is equally important for 
their survival. The purpose of this research was to characterize the spatial and 
temporal distribution of barnacle larvae in nearshore waters of coastal La Jolla, 
CA over a 2-yr period, and determine physical processes that may influence 
distribution. 
 The physical environment drives population dynamics in the ocean, 
including advection of larvae (Shanks et al. 2003, Cowen et al. 2007, Pineda et al. 
2009). Various physical processes can affect larval transport, including internal 
tidal bores (Shanks 1983, Pineda 1999, Pineda et al. 2009) and wind-driven 
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circulation (Tilburg 2003, Tapia et al. 2004, Reyns et al. 2007). These processes, 
along with Ekman transport (Rivera et al. 2013), lead to variation in current 
velocity throughout the water column, so larvae occupying different depths will 
be advected differently (McEdward 1995). Larvae can alter their behavior to 
move into different depths, thus controlling their cross-shore movements through 
exposure to varying currents (McEdward 1995, Tapia et al. 2010). However, it 
remains unclear which physical processes have the greatest effect on larval 
advection, and what specific cues cause larvae to change their positioning in the 
water. 
 The dispersal of intertidal organisms, such as barnacles and numerous 
other species, is carried out in nearshore habitats. Physical processes in nearshore 
waters of open coastlines are highly dynamic (Hickey 1979). For marine 
organisms residing in the rocky intertidal area, the hydrodynamic conditions must 
be conducive to the shoreward movement of larvae, which also depends on larval 
behavior to move into water that is being transported towards shore. Many species 
cannot complete their life cycles unless their larval forms make it to the intertidal 
zone. However, despite the importance of understanding how physical processes 
directly adjacent to the coast affect larval dispersal, there have been very few 
studies involving an in-depth examination of the movement of larvae in those 
areas. This project characterized nearshore (within ~1 km from the coast) larval 
distributions along an open coastline to discern the questions surrounding larval 
transport processes. Larval distribution patterns were compared to corresponding 
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hydrographic and hydrodynamic conditions, thus shedding light on the 
mechanisms driving larval transport. 
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1.2 Study species – barnacles  
 The larvae of barnacles were examined in this study. Barnacles are an 
ideal model species because their life cycle is similar to that of most invertebrates 
and fishes (Roughgarden et al. 1988). Because adult barnacles are sessile 
organisms, we can more easily track barnacle populations by measuring 
settlement in the intertidal zone. While the dominant barnacles in the intertidal 
zone near the research site for this study (Chthamalus fissus) are not currently 
endangered, there are some commercially important barnacle species, such as 
Pollicipes spp., with protection measures in effect (Jacinto et al. 2009). The 
findings of my study can apply to larvae of other barnacles such as Pollicipes 
spp., as well as larvae of countless other marine organisms that are commercially 
harvested. Barnacle larvae typically spend 2 to 5 weeks in the plankton, and have 
7 planktonic stages (Walley and Rees 1969). There are 6 naupliar stages followed 
by a non-feeding cyprid stage, which has to locate a suitable place to attach and 
settle before metamorphosis (Walley and Rees 1969).  
 There is a complex coupling of biological and physical processes 
surrounding the larval stages of nearshore benthic species such as barnacles 
(Pineda et al. 2009), and the exact connection between behavioral and 
environmental processes is not well understood. Marine invertebrate larvae 
exhibit specific migratory and depth regulation behaviors in response to 
environmental cues (McEdward 1995). For example, larvae that complete their 
development nearshore, including barnacles, have been observed to reside below 
a shallow Ekman layer of seaward-flowing surface waters (Morgan and Fisher 
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2010). However, that observation was from a 3-month study, and may not be 
universally true or applicable to all larval populations and all locations. Barnacle 
cyprids have a well-developed brain and a greater investment in sensory organs 
than nauplii, which have more reduced brains (Anil et al. 2010). This can have 
implications for the exploitation of different currents and response to 
environmental cues by the different larval stages, two issues that remain 
unresolved. A previous study carried out at a fixed station ~2 km from the coast 
reports evidence of early-stage nauplii remaining near the surface, while late-
stage cyprids were distributed closer to the ocean floor over a period of 48 hrs 
(Tapia et al. 2010). My research was designed to help determine if this 
ontogenetic variation in vertical distribution can be observed continuously year-
round in waters closer to shore.  
 Nauplii are attracted to light to avoid benthic predators, move toward 
higher concentrations of phytoplankton, and into more rapidly moving surface 
currents where dispersal is more efficient (McEdward 1995). Barnacle nauplii 
entering the intertidal zone are at risk of consumption by benthic predators, and 
the earliest of the 6 stages are usually found close to shore while later stages are 
found farther from shore (McEdward 1995, Tapia and Pineda 2007). It has also 
been observed that naupliar swimming rate significantly increases with increasing 
temperature (Yule 1984), while swimming direction shifts upward in response to 
increasing pressure, and downward in response to decreasing pressure 
(McEdward 1995). DiBacco et al. (2011) reported evidence that cyprids altered 
their swimming behavior to maintain their vertical positions in response to 
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downwelling flows. All of these behaviors and characteristics contribute to the 
potential transport of barnacle larvae, and placement within certain currents could 
be linked to behaviors that influence positioning. While several different 
behavioral responses have been observed, many findings are from laboratory 
studies, and it is uncertain whether or not the same outcomes would be observed 
in the field.  
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1.3 Study site – Bird Rock, La Jolla, CA, USA 
 This study was conducted off the coast of Bird Rock, La Jolla, CA (Figure 
1.1). There have been previous studies of larval transport processes a few 
kilometers north of this area, including barnacle-specific projects (Shanks 1986, 
Pineda 1994, Tapia and Pineda 2007, Tapia et al. 2010). However, most of these 
projects focused on barnacle settlement in the intertidal zone instead of larval 
transport in nearshore waters. The few studies that did investigate larval 
distributions did so on very short time scales; Tapia and Pineda (2007) was an 8-
day study while Tapia et al. (2010) was a 48-hr study. My thesis research builds 
on these existing studies by including horizontal and vertical larval abundances 
over a 2-yr period, as well as providing new data and introducing novel questions 
for future research.  
 The shoreline near Bird Rock provides a good habitat for adult barnacles, 
and larvae of Chthamalus fissus had been observed in La Jolla nearshore waters 
(Tapia et al. 2010). The study site also falls within a newly established marine 
protected area (MPA), the South La Jolla State Marine Reserve (Figure 1.1), so 




1.4 Significance and implications 
 Understanding larval transport is crucial to understanding population 
connectivity in marine environments, which applies to conservation (Shanks et al. 
2003, Borges et al. 2007), genetic diversity (Cowen et al. 2007), and fisheries 
management (Bradbury and Snelgrove 2001, Reyns et al. 2007, Cowen and 
Sponaugle 2009). Larval transport and dispersal mechanisms can also be applied 
to the design and control of marine reserves and MPA’s (Shanks et al. 2003). This 
is increasingly relevant in La Jolla since new marine reserves have recently been 
established, and their success remains to be determined.  
 Because barnacles are a good model species, the results of my study can 
be applied to community interactions of other marine species that have two-phase 
life cycles. Larval fish have similar challenges as invertebrate larvae during 
dispersal (McEdward 1995), and while behaviors can change across species, all 
larvae are susceptible to the same advective processes. The basic mechanism of 
larval transport is essential knowledge in the pursuit of understanding population 
dynamics in the ocean.  
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1.5 Research questions addressed 
 Population connectivity in the ocean cannot be fully understood without 
greater knowledge of larval transport. Most marine organisms have a larval stage, 
and their dispersal is dependent upon both hydrodynamic conditions and 
behavioral mechanisms. Barnacle larvae respond to changing hydrography in 
order to exploit different currents (Yule 1984, McEdward 1995, Morgan and 
Fisher 2010, Tapia et al. 2010, DiBacco et al. 2011). Nearshore waters of open 
coastlines are subject to dynamic physical processes, which result in different 
current velocities at different depths, but larval transport is relatively unexplored 
in these environments. This research addressed the following questions: 
1. Is there a pattern in barnacle larval distributions and abundances in La 
Jolla nearshore waters over a 2-yr period? 
2. How do changes in hydrographic and hydrodynamic conditions 
(temperature, pressure, currents, depth, distance from shore) in La Jolla 
nearshore waters impact the spatiotemporal distribution and abundance of 
barnacle larvae?  
       3.   Does vertical distribution of barnacle larvae depend on ontogenetic   
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Figure 1.1 Broad map of study site offshore of Bird Rock, La Jolla, southern California 
(shown by black rectangle) in the context of California Marine Protected Areas (red 
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CHAPTER 2: Constrained nearshore larval distributions driven by thermal 
stratification 
2.1 Abstract 
 Vertical and cross-shore distributions and abundances of shallow water 
barnacle larvae were characterized in La Jolla in southern California over a 2-yr 
period. Five stations located within 1 km of shore and ranging from 4 – 12 m 
water depths were sampled intensively in 2-m depth intervals during 27 cruises 
throughout spring-summer and fall-winter of 2014 and 2015. Larval abundances 
significantly decreased from year one to year two, which could be related to the 
arrival of the warm “Blob” in 2014 and El Niño conditions in 2015. Despite the 
presence of these large-scale regional disturbances, distinct patterns of vertical 
and cross-shore larval distributions remained consistent throughout the study 
duration. Early-stage nauplii and Chthamalus fissus cyprids tracked bottom depth, 
and cyprids were on average deeper than nauplii. Vertical distributions were not 
related to the mid-depth of the thermocline or thermal stratification. Early-stage 
nauplii had a broader cross-shore distribution than cyprids, which were 
concentrated at inshore stations. Nearshore cyprid accumulation had a positive 
relationship with stratification, and cyprids moved farther offshore during fall-
winter when stratification decreased. These results suggest that thermal 
stratification elicits enhanced behavioral control of cyprids to remain close to 





 Larval transport, defined as the movement of a larva from one point to 
another (Pineda et al. 2007), is crucial to understanding population connectivity in 
marine environments, with implications for conservation (Shanks et al. 2003, 
Miller & Shanks 2004), genetic diversity (Cowen et al. 2007), and fisheries 
management (Bradbury & Snelgrove 2001, Reyns et al. 2007, Cowen & 
Sponaugle 2009). The biological and physical mechanisms of larval transport in 
the ocean are multifaceted and complex; they involve physical processes that have 
the potential to transport larvae, as well as behavioral responses to environmental 
cues that remain poorly understood (reviewed in: Metaxas 2001, Epifanio & 
Cohen 2016, Pineda & Reyns 2017), particularly in nearshore environments 
where sampling is challenged by the complexities of shallow bathymetric 
features. A greater understanding of larval transport processes in nearshore 
systems has become increasingly essential, as studies reveal that larvae exhibit 
more constrained distributions than originally assumed (Tapia & Pineda 2007, 
Morgan et al. 2009, Shanks & Shearman 2009, Weidberg et al. 2015, reviewed in 
Pineda & Reyns 2017). Larval transport and dispersal mechanisms can inform the 
designation of marine reserves and marine protected areas (Shanks et al. 2003), 
and we cannot effectively manage these regions without a more complete grasp 
on dominant transport mechanisms and larval behavior in waters adjacent to the 
coast. 
 The dispersal of intertidal organisms, such as barnacles, is carried out in 
the nearshore environment where physical processes are highly variable (Morgan 
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& Fisher 2010, Bonicelli et al. 2016). Barnacles transition through six naupliar 
stages and one cyprid stage, typically during a 2 - 5 week pelagic larval duration 
(Walley & Rees 1969). Cyprids are especially interesting because to complete 
their life cycle they must return to the intertidal zone to find suitable habitats and 
settle before metamorphosis into adults. Larvae can alter their behavior to move 
into different depths, thus controlling their cross-shore movements through 
exposure to varying currents (Metaxas 2001, Tapia et al. 2010, Pineda & Reyns 
2017). Temperature can affect vertical distributions of larvae; gastropods, 
bivalves, and polychaetes remain below the thermocline and pycnocline, and 
variation in their abundance is associated with temperature variability (Lloyd et 
al. 2012). Strong thermoclines can also restrict vertical distributions of larvae, as 
larval sea scallops were limited to bottom depths when the water column was 
stratified (Daigle & Metaxas 2011), becoming more aggregated when thermal 
stratification was higher (Tremblay & Sinclair 1990). Changes in Chthamalus 
fissus barnacle settlement were positively correlated with changes in stratification, 
and there were significantly more settlers at the more stratified of two sampling 
locations (Pineda & López 2002). Stratification is correlated with shear and 
internal motions, and flows that reverse with depth can occur during highly 
stratified conditions (Winant & Bratkovich 1981). Stronger stratification may 
increase local retention of larvae that exploit more vertically sheared flows 
(Pineda & Reyns 2017). 
 Larvae also employ ontogenetic vertical migrations (Paris & Cowen 2004, 
Butler et al. 2011). Older damselfish larvae migrate vertically to remain within 
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deeper, on-shore flowing currents and are consequently retained near their natal 
source (Paris & Cowen 2004). Early-stage larval spiny lobsters are positively 
phototactic, but this behavior diminishes with age (Butler et al. 2011). Dispersal 
simulations based on observed depth distributions revealed that twice as many 
larvae would successfully recruit to nurseries if they displayed ontogenetic 
vertical migration when compared with passive dispersers (Butler et al. 2011). 
 Additionally, larvae can respond to and accumulate in convergent flow 
(Pineda 1999, Shanks & Shearman 2009, Ryan et al. 2014).  Barnacle cyprids 
respond to downwelling by swimming up in laboratory experiments (DiBacco et 
al. 2011), and this may be the mechanism in which they became entrained in 
internal bore warm fronts (Pineda 1999). An autonomous underwater vehicle 
(AUV) in California sampled higher larval concentrations when frontal gradients 
were strongest and upwelling anomalies persisted (Ryan et al. 2014). This AUV 
study also found high abundances of larvae near the seafloor, assumed to result 
from accumulation in a frontal convergence zone due to swimming behavior and 
downwelling.  
 Larval supply to the intertidal can also be related to wave height; a study 
in Australia reported more barnacle cyprids arriving to shore when wave height 
was higher (Jeffrey & Underwood 2000), and a study in California and Oregon 
observed higher barnacle settlement when waves were larger (Shanks et al. 2010). 
However, Pfaff et al. (2015) reported that swell height facilitated delivery of 
mussel larvae, but not barnacle larvae. Onshore transport of barnacles occurred 
during downwelling, and settlement coincided with low swell, upwelling, and 
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spring tides, suggesting that internal tides are associated with transport of larval 
barnacles to shore (Pfaff et al. 2015). To adequately resolve larval transport and 
dispersal processes, the vertical distribution of larvae must be further known 
(discussed in Pineda & Reyns 2017). Given the recent findings on larval 
distributions constrained close to shore, studies need to resolve these distributions 
in the very nearshore. 
 In this study, we conducted fine-scale, high repetition plankton collections 
to resolve barnacle larval distributions. Vertical sampling in stratified, 2-m depth 
intervals throughout the water column was coupled with tight spatial resolution 
sampling at five cross-shore locations between 280 and 1000 m from shore, 
commensurate with measures of physical processes in the nearshore. We 
hypothesized that larval barnacle abundance and distributions would vary with 
ontogenetic stage, and changing hydrographic and hydrodynamic conditions. 
Specifically, we addressed the following questions: What are the fine-scale 
patterns of vertical and cross-shore barnacle larval distributions in the nearshore? 
Do nauplii and cyprids display different distribution patterns? Are patterns in 








2.3 Materials and methods 
 2.3.1 Study site and system 
   This study was conducted offshore of Bird Rock, La Jolla, CA and 
included five sampling stations located at distances of 280, 460, 640, 820 and 
1000 m from shore and at depths of 4, 6, 8, 10, and 12 m, respectively (Fig. 2.1). 
We selected this study area as the shoreline provides extensive adult barnacle 
habitat, particularly for the abundant Chthamalus fissus, and larvae of the 
predominant barnacle species in the region (C. fissus, Balanus glandula, 
Megabalanus californicus, and Pollicipes polymerus) have been observed in 
surrounding nearshore waters (Hoffman 1989, Pineda 1991, Pineda 1999, Pineda 
& López 2002, Tapia & Pineda 2007, Tapia et al. 2010). Further, the shelf 
bathymetry is simple. Sampling occurred during April-July (hereafter spring-
summer) and September-December (hereafter fall-winter) in 2014 and 2015, and 
consisted of plankton sampling cruises as well as hydrographic and hydrodynamic 
measurements obtained from instrument deployments (see below). Sampling 
periods were chosen to encompass times of barnacle settlement (Hines 1976, 
Hines 1978, Pineda 1994), and during expected seasonal contrasts in 
hydrographic conditions: greater spring-summer water column stratification than 
fall-winter stratification when the onset of cooling and increased storm activity 
enhances water column mixing (Winant & Bratkovich 1981, Palacios et al. 2004).  
 2.3.2 Plankton sampling 
 Plankton sampling was conducted using a 7.6 m boat with a davit, and 
included 27 cruises total: 9 in spring-summer and 6 in fall-winter of 2014, 8 in 
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spring-summer and 4 in fall-winter of 2015. During each cruise, plankton samples 
were collected using an Ebara 50DWXU6.4S Dominator submersible semivortex 
pump to filter 2 m3 of seawater in discrete 2-m depth bins that extended from the 
surface to the bottom at each of the 5 stations (20 samples per cruise with a few 
exceptions where sea state conditions or equipment failure interrupted sampling). 
Seawater was filtered through a 118-µm mesh net to capture barnacle larval stages 
(C. fissus larvae range in size: stage I nauplii ~124 µm long x 206 µm wide 
through cyprid stage ~493 µm long x 246 µm wide; Miller et al. 1989) and 
samples were immediately preserved in 100% ethanol.  
 Plankton samples were sorted using a dissecting microscope, and barnacle 
larvae were enumerated. Nauplii were staged as early- (II-III) or late- (IV-VI) 
stage, and cyprids were classified to species based on published morphological 
descriptions (e.g., Lewis 1975, Branscomb & Vedder 1982, Brown & 
Roughgarden 1985, Miller et al. 1989, Miller & Roughgarden 1994, Shanks 
2001). Early-stage nauplii could not be identified to species due to morphological 
degradation, but late-stage nauplii were classified as C. fissus or ‘other’ due to 
their distinct size and shape. C. fissus is the most abundant barnacle in the region, 
and most early nauplii collected likely belong to this species. Stage I nauplii were 
not present in our samples, presumably due to the rapid transition to stage II after 
hatching (Brown & Roughgarden 1985, Miller et al. 1989). 
 2.3.3 Larval distributions 
 We described the vertical and horizontal larval distribution patterns of the 
most abundant barnacle species in our samples; thus, detailed analyses were 
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conducted for early-stage barnacle nauplii (>98% of the total nauplii collected; 
Table 2.1) and C. fissus cyprids, which comprised >60% of the barnacle cyprids 
(Table 2.2). To characterize vertical distribution of larval stages, Mean Depth 
Distributions (MDDs; Tapia et al. 2010) were calculated for each station 
according to the following equation:  
 
MDD = Σ (no. m– 3 in sample interval × mean depth of sample interval) / Σ (no. 
m– 3 at station) 
 
We used a 3-factor analysis of variance (ANOVA) to test for differences in MDD 
between larval stage (early-stage nauplii or C. fissus cyprids), sampling period 
(spring-summer or fall-winter), and year (2014 or 2015). ANOVA assumptions of 
normality, homoscedasticity, and absence of collinearity were met. A paired t-test 
was also used to compare MDDs of early-stage nauplii to C. fissus cyprids. 
 To account for the vertical dilution of larvae when comparing larval 
concentrations at stations of varying depths, total larval concentration (no. m-3) at 
each station was multiplied by station depth to standardize samples to larval 
density (no. m-2). To determine if larval abundances varied across stations, we 
calculated the proportion of total early-stage nauplii and C. fissus cyprids at each 
station on a given cruise date, and used a 2-factor ANOVA to test for differences 
in larval proportions between stations and sampling periods. Additionally, we 
calculated the Mean Distance from Shore (MDS; referred to as ‘average distance 
offshore’ in Shanks & Shearman 2009) of the larval stages for each cruise:  
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MDS = Σ (no. m– 2 at a given station × distance from shore of station) / Σ (no. m– 2 
at all stations) 
 
A Student’s t-test was used to compare MDS measurements of early-stage nauplii 
and C. fissus cyprids. Data were log-transformed to meet the assumption of equal 
variances. Finally, we developed a Constrained-Distribution Index (CDI) that 
considered both the influence of larval proportion and distance from shore to 
further investigate cyprid patterns. The CDI was only calculated for cruise dates 
where all 5 stations were sampled. First, larval proportion anomalies were 
calculated for C. fissus cyprids at each station as (the proportion of C. fissus 
cyprids at each station on a given cruise date) - (the average proportion of C. 
fissus cyprids at each station for all cruises). Then, for each cruise date, the CDI 
was calculated as: 
 
 CDI = Σ (larval proportion anomalies at 4 and 6 m stations on a given date) - Σ 
(larval proportion anomalies at 8, 10 and 12 m stations on a given date) 
 
Thus, the resulting index value is positive when cyprid densities are higher than 
average at the two inshore stations, and negative if cyprid densities are lower than 
average at the two inshore stations. We chose the two inshore stations as the basis 
for the index because cyprid MDS (overall mean = 531.19 m, median = 521.34 m) 
was located between the 6 and 8 m stations, which are 460 and 640 m from shore. 
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  2.3.4 Temperature, currents, and pressure 
A CastAway-CTD (SonTek) was used to obtain temperature and depth 
measurements before and after plankton pumping at each station. Salinity was not 
considered in this study because stratification at our study site is due to vertical 
differences in temperature rather than salinity (Appendix G). Average 
temperature, mid-depth of the thermocline, and thermal stratification were 
calculated for each station. Stratification was defined as change in temperature/m 
(ΔT °C/m): 
 
Thermal stratification = (temperature at surface – temperature at bottom) / (depth 
of bottom temperature – depth of surface temperature) 
 
Additionally, cross-shore stratification within our study site was calculated by 
averaging the stratification at the 8, 10, and 12 m stations for each cruise. These 
stations were selected to represent the cross-shore stratification as they most 
frequently exhibited the highest stratification at our site.  
A 1200kHz RDI acoustic Doppler current profiler (ADCP) was deployed 
between the 8 and 10 m plankton sampling stations (Fig. 2.1) to record current 
velocities every two seconds throughout the water column in 0.4-m depth bins. 
Currents were rotated to align the predominant alongshore flow with the coastline, 
decomposed into alongshore (positive southward) and cross-shore (positive 
onshore) components, and depth-averaged. Currents associated with each cruise 
were calculated as the average of the 24 hours previous to the cruise end time. 
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A Sea-Bird Electronics Seagauge was deployed on the ADCP frame, and 
configured to record pressure every 3 hrs. Significant Wave Height (SWH) was 
calculated as 4 x the square root of the sea surface spectrum between periods of 4-
30 seconds. We calculated the 24-hr SWH average in the same way as previously 
described for currents. 
 2.3.5 Relationships between physical variables and larvae 
Relationships between relevant physical variables (mid-depth of the 
thermocline, thermal stratification, cross-shore thermal stratification, 24-hr 
currents, and 24-hr SWH) and larvae (larval density, MDD, MDS, and CDI) were 
analyzed using correlation and regression analyses.  




 2.4.1 Physical variables 
 Depth-averaged temperature across stations was similar between sampling 
periods in 2014 (Fig. 2.2A), ranging from 18.2 to 19.7 °C. However, fall-winter 
was significantly warmer than spring-summer in 2015 (Fig. 2.2B), with average 
station temperatures ranging from 16.9 to 20.8 °C. Temperature decreased with 
distance from shore in spring-summer during both years, while cross-shelf 
temperature variation was minimal in fall-winter. Thermal stratification increased 
with distance from shore during spring-summer cruises and was similar across 
stations during fall-winter cruises, but offshore stations were still slightly more 
stratified (Fig. 2.2C,D). Stratification was significantly stronger in spring-summer 
than fall-winter in both 2014 and 2015, averaging 0.23 (± 0.03) °C/m in spring-
summer and 0.06 (± 0.005) °C/m in fall-winter. Numbers in parentheses 
throughout the manuscript represent one standard error 
 Depth-averaged 24-hr alongshore currents were southward on all but 7 
cruise dates, ranging from -0.12 to 0.05 m/s with a mean value of 0.006 (± 0.007) 
m/s. Depth-averaged cross-shore currents were offshore during 15 cruises, and 
onshore during 12 cruises. Cross-shore currents were slower than alongshore 
currents, ranging from -0.02 to 0.007 m/s with a mean of -0.003 (± 0.001) m/s.  
 The minimum 24-hr SWH measurement was 0.33 m (in 2014 spring-
summer), while the maximum was 1.03 m (in 2015 spring-summer). Mean SWH 
at our site was 0.54 (± 0.03) m. 
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 2.4.2 Temporal patterns of larval concentrations  
 Larval concentrations were higher for nauplii than cyprids, and varied by 
sampling period (Tables 2.1,2.2). Concentrations were higher overall in 2014 than 
2015 (Table 2.3), and larvae were more abundant in spring-summer than fall-
winter of 2014 (Tables 2.1,2.2). This pattern shifted in 2015, where larvae were 
more abundant in fall-winter than spring-summer (Tables 2.1,2.2). Most barnacle 
nauplii collected were early-stage; of the late-stage nauplii, most were identified 
as Chthamalus fissus but they were much less abundant than early-stage nauplii 
(Table 2.1). Six species of barnacle cyprids were identified at our study site, 
including C. fissus, Balanus glandula, Pollicipes polymerus, Tetraclita rubescens, 
Megabalanus californicus, and Balanus trigonus (Table 2.2). C. fissus comprised 
more than 86% of the cyprids in 2014 and fall-winter 2015, while in spring-
summer 2015 C. fissus comprised only ~60% of the cyprids (Table 2.2). Overall, 
average cyprid concentrations were lower during this time period, but species 
evenness was slightly higher (Table 2.2).  Given the low concentrations of late-
stage nauplii and cyprid species other than C. fissus, we did not examine the 
distribution patterns of these larvae. Hence, we analyzed the vertical and cross-
shore distribution patterns of only the early-stage nauplii and C. fissus cyprids. 
The abundances of early-stage nauplii and C. fissus cyprids were not significantly 
correlated with SWH (p > 0.46), alongshore currents (p > 0.67), cross-shore 




 2.4.3 Vertical distributions of larvae 
 The MDDs of early-stage nauplii and C. fissus cyprids were deeper with 
increasing bottom depth and distance from shore, and cyprid MDDs were 
generally deeper than those of early-stage nauplii during all four sampling periods 
(Fig. 2.3). There was a significant difference between MDDs of early-stage 
nauplii and cyprids (t = -5.547, p < 0.0001), but there were no significant 
differences between spring-summer and fall-winter, or between years. The MDDs 
of early-stage nauplii and C. fissus cyprids were not correlated with the mid-depth 
of the thermocline (p > 0.14) or stratification (p > 0.16) at any station, or 24-hr 
alongshore (p > 0.12) or cross-shore (p > 0.22) currents at the 8-m station, but 
early-stage nauplii MDD had a marginally significant negative correlation with 
SWH (Pearson’s r = -0.39, p = 0.047).  
 2.4.4 Cross-shore distributions of larvae 
In general, the proportion of total early-stage nauplii at each station 
increased with distance from shore (Fig. 2.4A-D), while C. fissus cyprids 
proportions decreased with distance from shore (Fig. 2.4E-H). These patterns 
were more distinct during spring-summer periods than fall-winter periods. There 
were differences among stations for early-stage nauplii and C. fissus cyprids, with 
significantly more nauplii at the offshore stations and significantly more cyprids 
at the inshore stations (Table 2.4). There was also a significant difference between 
sampling periods for cyprids, with more cyprids at the 8 m station in fall-winter 
than spring-summer. 
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Early-stage nauplii were distributed farther offshore than C. fissus cyprids 
(MDS was significantly greater: t = 5.350, p < 0.0001; Fig. 2.5). Additionally, 
cyprids were closer to shore in spring-summer than fall-winter (comparing 
minimum and median MDS values). The CDI revealed that cyprid densities were 
higher than average (i.e., CDI > 0) at the two inshore stations during five of the 17 
cruises when all five stations were sampled (Fig. 2.6). Four of these five cruises 
were in spring-summer (two in 2014, two in 2015), and one was in 2015 fall-
winter. The highest CDI measurement (0.536) coincided with the highest cross-
shore stratification (0.505 °C/m). The average cross-shore stratification was a 
significant predictor of the CDI and MDS for C. fissus cyprids (Fig. 2.6), but not 
early-stage nauplii MDS (R2 = 0.024, p = 0.521). 
 2.4.5 Summary of larval distribution patterns 
 To summarize, MDDs of C. fissus cyprids were deeper than those of early-
stage nauplii, and MDD values increased with depth/distance from shore for both 
larval stages. Densities of nauplii increased with distance from shore while 
densities of cyprids were higher nearshore, and nauplii were much more abundant 
than the cyprids. The majority of nauplii were found in plankton samples from 
offshore stations at a mid- to near- bottom depth, while the majority of cyprids 




 Although larval concentrations varied from being high in 2014 spring-
summer, decreased in 2014 fall-winter, and remained low through 2015 spring-
summer until increasing in 2015 fall-winter, vertical and cross-shelf distribution 
patterns of early-stage nauplii and Chthamalus fissus cyprids remained consistent 
despite significant seasonal and annual variability. Mean larval concentrations 
decreased twofold for early-stage nauplii and fivefold for C. fissus cyprids from 
2014 to 2015, likely due to large-scale disturbances associated with a warm water 
anomaly commonly referred to as “the Blob,” as well as El Niño conditions. 
Coastal sea surface temperatures began to warm in mid-2014, after the start of our 
sampling regime, and remained anomalously warm until spring in 2015 (Leising 
et al. 2015). El Niño impacted southern California starting in spring 2015 and 
intensified in fall-winter of 2015, corresponding to the highest temperatures 
recorded at our site, lowest larval abundances, and the peak of the southern 
California coastal warm anomaly (Leising et al. 2015, Gentemann et al. 2017). 
Lower larval abundances in 2015 could be associated with environmental 
conditions that may have increased larval mortality or offshore advection, 
diminished onshore larval transport, decreased adult reproduction, or a 
combination of these factors. 
 Early-stage nauplii abundances were considerably larger than those of 
cyprids, likely reflecting loss due to larval mortality or advection (Rumrill 1990, 
Tapia & Pineda 2007), and the potential species diversity of early-stage nauplii. In 
contrast, concentrations of cyprids were higher than those of late-stage nauplii 
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during all sampling periods throughout the 2-yr study, suggesting that late-stage 
nauplii are advected farther away than our 12 m station (> 1 km from shore) 
before transitioning to the cyprid stage and returning to the intertidal. It is 
important to note that when sampling began in spring-summer of 2014, an 
additional station at a 14 m depth was sampled during the first three cruises. This 
station was abandoned for the remainder of cruises due to plankton pump issues, 
but the mean density of late-stage nauplii (both C. fissus and other) at that station 
was 18.06 (± 10.04) m-2, while the mean density of late-stage nauplii in samples 
from all other stations was 1.22 (± 0.73) m-2, supporting previously-observed 
patterns of early-stage nauplii closer to shore and later stages farther offshore 
(Tapia & Pineda 2007, Morgan et al. 2009).   
 While larval concentrations fluctuated by year and sampling period, 
general distribution patterns did not vary greatly throughout the study duration. 
Vertical distributions of early-stage nauplii and C. fissus cyprids moved deeper 
with increasing depth and distance from shore, suggesting that the larvae were 
tracking bottom depth. Cyprids were deeper than nauplii (as in Shanks & 
Shearman 2009, Tapia et al. 2010, Bonicelli et al. 2016), which could be due to 
the positively phototactic response of nauplii (Lang et al. 1979) as well as 
cyprids’ negative buoyancy. Non-feeding cyprids may also seek deeper, cooler 
waters to lower their metabolic rate, thus maintaining storage reserves and 
remaining competent longer before finding a suitable place to settle. Nauplii have 
been shown to remain near the surface (Tapia et al. 2010), as well as in upper to 
middle depths (Bonicelli et al. 2016) and middle to bottom depths (Shanks & 
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Shearman 2009, Morgan & Fisher 2010). However, early-stage nauplii (stages II 
and III ~300 µm maximum dimension for most species sampled) passed through 
the net used by Morgan and Fisher (2010) (mesh aperture 335 µm) and the 
surface net used by Shanks and Shearman (2009) (mesh aperture 330 µm). 
Further, all of these previous studies were conducted in deeper water using 
coarser sampling intervals (ranging from 5 to 30 m, in contrast to our 2 m depth 
intervals). Early-stage nauplii from our study were located in middle depths, and 
it could be possible that nauplii assume a more surface-oriented distribution as 
they move farther offshore, as vertical distribution of larval stages varies with 
ontogeny. Additionally, vertical distribution is likely to be species-specific 
(Morgan & Fisher 2010, Bonicelli et al. 2016) but this cannot be discerned here.  
 Larval depth distributions were not related to the mid-depth of the 
thermocline or station-specific thermal stratification, suggesting that there is not a 
temperature effect on vertical distribution. The MDD of early-stage nauplii was 
shallower when SWH was higher, which could be a result of specific naupliar 
behaviors including an upward shift in swimming direction and increased 
swimming rate (Yule 1984) in response to increasing pressure.  
 Cross-shore distribution patterns varied with larval stage: early-stage 
nauplii densities increased and C. fissus cyprid densities decreased with distance 
from shore. These distribution patterns were more distinct in spring-summer when 
stratification was higher. As cross-shore thermal stratification increased, the CDI 
increased, indicating there were higher abundances of cyprids nearshore when 
stratification was higher. This relationship is further exemplified by the effect of 
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decreasing cyprid MDS values with increasing stratification. These results 
provide evidence that cyprids are constrained closer to shore when cross-shore 
stratification is higher, and expand farther offshore when the water column is 
more well-mixed. Higher stratification may enhance the behavioral control of 
horizontal distribution by allowing cyprids to exploit vertically sheared flows. 
Additionally, these findings could be related to shoreward transport of cyprids by 
the internal tide, motions that require water column stratification (Pineda 1999, 
Pfaff et al. 2015), and explain the results of Pineda and López (2002) that changes 
in stratification are positively correlated with changes in barnacle settlement. It is 
possible that stratification did not significantly predict MDS for nauplii because 
they do not have sufficient swimming speeds to exploit such hydrodynamic 
motions (Helfrich & Pineda 2003, Scotti & Pineda 2007). 
 Our results indicate that larval densities and distributions were not related 
to alongshore or cross-shore current velocities. However, depth-averaged current 
measurements from an ADCP located between the 8 and 10 m stations may not 
accurately reflect currents throughout our site due to small-scale variability at the 
nearshore (reviewed in Lentz & Fewings 2012).  
 In summary, distribution patterns of barnacle larvae within 1 km of the 
coast of La Jolla, southern California were upheld across 27 sampling cruises over 
a 2-yr period despite varying environmental conditions from two large-scale 
disturbances: the warm “Blob” and El Niño. For cyprids, cross-shore patterns 
varied seasonally. Our results support the inference that behavior plays a 
substantial role in facilitating transport during pelagic larval stages. Cross-shore 
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distributions of cyprids were related to thermal stratification, but currents and 
SWH did not significantly affect spatial patterns. These results support the 
hypothesis that the more thermal stratification there is, the more behavioral 
control can be exerted by cyprids to accumulate closer to shore, and that 
stratification is an important determinant of the successful transport of cyprid 
larvae. Nearshore accumulation of cyprid larvae has been previously observed 
(dos Santos et al. 2007, Tapia & Pineda 2007, Shanks & Shearman 2009). We 
hypothesize that thermal stratification mediates constrained larval distributions in 
nearshore waters. Vertically, larvae might maintain their positioning in more 
stratified waters. We propose that cross-shore stratification allows the internal tide 
to propagate shoreward, and where stratification breaks down, larvae will 
accumulate. In our case, accumulation of cyprids occurred at our most inshore 
station (4 m deep and 280 m from the coast), where stratification was weak during 
both spring-summer and fall-winter sampling periods. We hypothesize that higher 
stratification will allow larvae to better maintain more constrained distributions, 
both in the nearshore, and we expect settlement to be higher during these 
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Table 2.1 Nauplii concentration summaries for all sampling periods: 2014 spring-
summer (N = 149 samples), 2014 fall-winter (N = 108 samples), 2015 spring-












 Maximum concentration (no. larvae m-3) 
Early-stage 2104.15 165.90 135.92 651.63 
Late-stage 
Chthamalus fissus 0 5.99 11.99 3.99 
Late-stage other 4.04 0 1.99 5.99 
 Mean concentration (no. larvae m-3) ± SE 
Early-stage 91.23 ± 21.66 16.41 ± 3.04 9.81 ± 1.73 50.49 ± 13.45 
Late-stage 
Chthamalus fissus 0 0.09 ± 0.06 0.15 ± 0.09 0.36 ± 0.11 
Late-stage other 0.10 ± 0.04 0 0.02 ± 0.02 0.17 ± 0.09 
 Percent of total nauplii (%) 
Early-stage 99.90 99.44 98.34 98.97 
Late-stage 
Chthamalus fissus 0 0.56 1.47 0.70 
Late-stage other 0.10 0 0.18 0.33 












Table 2.2 Cyprid concentration summaries for all sampling periods: 2014 spring-
summer (N = 149 samples), 2014 fall-winter (N = 108 samples), 2015 spring-
summer (N = 136 samples), 2015 fall-winter (N = 78 samples).  
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 Maximum concentration (no. larvae m-3) 
Chthamalus fissus 427.76 116.93 21.98 85.95 
Balanus glandula 9.99 1.09 3.99 3.99 
Pollicipes 
polymerus 11.99 17.98 13.14 7.99 
Tetraclita 
rubescens 19.98 1.99 3.99 0 
Megabalanus 
californicus 9.99 1.99 14.99 3.99 
Balanus trigonus 11.99 0 0.49 3.99 
Unknown 5.99 0 3.99 0 
 Mean concentration (no. larvae m-3) ± SE 
Chthamalus fissus 20.48 ± 4.34 4.12 ± 1.25 1.86 ± 0.32 4.76 ± 1.48 
Balanus glandula 0.58 ± 0.13 0.01 ± 0.01 0.08 ± 0.04 0.16 ± 0.08 
Pollicipes 
polymerus 0.37 ± 0.11 0.24 ± 0.17 0.52 ± 0.15 0.36 ± 0.14 
Tetraclita 
rubescens 0.75 ± 0.21 0.04 ± 0.03 0.06 ± 0.04 0 
Megabalanus 
californicus 0.67 ± 0.14 0.04 ± 0.03 0.49 ± 0.17 0.08 ± 0.06 
Balanus trigonus 0.11 ± 0.08 0 0.01 ± 0.01 0.16 ± 0.08 
Unknown 0.26 ± 0.07 0 0.06 ± 0.04 0 
 Percent of total cyprids (%) 
Chthamalus fissus 88.11 92.56 60.51 86.29 
Balanus glandula 2.51 0.23 2.63 2.90 
Pollicipes 
polymerus 1.61 5.46 16.77 6.51 
Tetraclita 
rubescens 3.21 0.82 1.91 0 
Megabalanus 
californicus 2.87 0.94 16.02 1.39 
Balanus trigonus 0.46 0 0.24 2.90 
Unknown 1.12 0 1.91 0 













Table 2.3 Mean larval concentration (no. larvae m-3) ± SE of nauplii and cyprids 
in 2014 (N = 257 samples) and 2015 (N = 214 samples).  
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 2014 2015 
   Nauplii   
Early-stage 59.79 ± 12.81 24.64 ± 5.18 
Late-stage Chthamalus fissus 0.04 ± 0.03 0.22 ± 0.07 
Late-stage other 0.06 ± 0.02 0.07 ± 0.03 
Cyprids   
Chthamalus fissus 13.61 ± 2.62 2.92 ± 0.58 
Balanus glandula 0.34 ± 0.08 0.11 ± 0.04 
Pollicipes polymerus 0.32 ± 0.10 0.46 ± 0.11 
Tetraclita rubescens 0.45 ± 0.12 0.04 ± 0.02 
Megabalanus californicus 0.40 ± 0.08 0.34 ± 0.11 
Balanus trigonus 0.06 ± 0.05 0.06 ± 0.03 
Unknown 0.15 ± 0.04 0.04 ± 0.02 











Table 2.4 Results of 2-factor ANOVAs testing for among-station and between 
sampling period differences in proportions of early-stage nauplii and Chthamalus 
fissus cyprids. Significant differences are indicated in bold, and post hoc test 
results are shown for group pairs with significant differences. 
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Factor F p Post hoc test results 
    Early-stage nauplii  
(df = 1, 115)    
Station 26.210 <0.00001 12m > 4m, 12m > 6m, 10m > 4m, 8m > 4m 
Period 0.775 0.380  
Station:Period 1.534 0.218  
    Chthamalus fissus  
cyprids (df = 1, 105)    
Station 20.907 <0.0001 4m > 12m, 4m > 10m, 6m > 12m, 6m > 10m 
Period 0.102 0.749  
Station:Period 5.704 0.018 8m fall-winter > 8m spring-summer 
   (df = 1, 22; F = 18.247, p < 0.001) 











Figure 2.1 Study site offshore of Bird Rock, La Jolla, southern California, USA. 
Circles indicate plankton sampling stations 280, 460, 640, 820, and 1000 m from 
shore at a bottom depth of 4, 6, 8, 10, and 12 m, respectively moving offshore 
from right to left. X indicates location of ADCP to measure currents, and pressure 
sensor to measure waves. Lidar data from the 2013 NOAA Coastal California 
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Figure 2.2 Depth-averaged temperature ± SE (A, B) and average thermal 
stratification ± SE (C, D) at each station during 2014 and 2015 spring-summer 
and fall-winter sampling periods. Note that distance from shore increases from 
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Figure 2.3 Vertical distributions of barnacle larvae. Average Mean Depth 
Distributions (MDDs) of early-stage nauplii and Chthamalus fissus cyprids at 
sampling stations during 2014 spring-summer (N = 9 cruises) (A), 2014 fall-
winter (N = 6 cruises) (B), 2015 spring-summer (N = 8 cruises) (C), and 2015 
fall-winter (N = 4 cruises) (D). Bottom depths of stations 280, 460, 820, and 1000 
m from shore are 4, 6, 8, 10, and 12 m, respectively, and are shown by the solid 



































































Figure 2.4 Cross-shelf distributions of barnacle larvae. Average proportion of 
total early-stage nauplii (A-D) and Chthamalus fissus cyprids (E-H) present at 
each of the five stations during sampling periods (spring-summer versus fall-


















































































































































Figure 2.5 Box plots of Mean Distance from Shore (MDS) patterns of early-stage 
nauplii (A) and Chthamalus fissus cyprids (B) by sampling period and year. 
Lower and upper box limits are the first and third quartile, respectively and box 
midline is median. Whiskers extend up to 1.5x the interquartile range to farthest 
data point within that distance. Any data beyond that is shown individually as an 















































Figure 2.6 Effect of cross-shore stratification (average stratification at 8, 10, and 
12 m stations) on Chthamalus fissus Mean Distance from Shore (MDS) (A) and 
Constrained-Distribution Index (CDI) (B). CDI was calculated for the 17 cruise 
dates where all five stations were sampled. Only 15 data points are shown because 
















































Figure 2.7 Summary figures for all sampling periods averaged for both 2014 and 
2015 (N = 27 cruises): overall vertical distribution patterns, with average Mean 
Depth Distributions (MDDs) of early-stage nauplii and Chthamalus fissus cyprids 
at sampling stations (A); overall cross-shore distribution patterns, showing 
average densities of early-stage nauplii and C. fissus cyprids at each station (B); 
average concentrations of early-stage nauplii (C) and C. fissus cyprids (D) in each 
plankton sample; average proportions of early-stage nauplii (E) and C. fissus 
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CHAPTER 3: Conclusion 
 
 To summarize, the research questions addressed and corresponding results 
are as follows: 
1. Is there a pattern in barnacle larval distributions and abundances in La Jolla 
nearshore waters over a 2-yr period? 
• Yes, there were cross-shore and vertical distribution patterns that remained 
consistent throughout 2014 and 2015. 
• Early-stage nauplii and Chthamalus fissus cyprids were distributed deeper 
with increasing depth and distance from shore. 
• Early-stage nauplii were more abundant offshore while C. fissus cyprids 
were more abundant nearshore. 
• C. fissus cyprids accumulated more at nearshore stations during spring-
summer sampling periods when stratification was higher than during fall-
winter when stratification weakened. 
• Early-stage nauplii were much more abundant than cyprids, and larval 
abundances decreased overall from 2014 to 2015. 
2. How do changes in hydrographic and hydrodynamic conditions (temperature, 
pressure, currents, depth, distance from shore) in La Jolla nearshore waters 
impact the spatiotemporal distribution and abundance of barnacle larvae?  
• Early-stage nauplii were not impacted by cross-shore thermal 
stratification, but C. fissus cyprids were more constrained at the inshore 
sampling stations when stratification was higher.  
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• Cross-shore distributions and abundances of nauplii and cyprids were not 
impacted by Significant Wave Height (SWH; calculated from pressure 
measurements), or current velocities. 
• Higher abundances of early-stage nauplii were located in deeper waters 
farther offshore, while abundances of C. fissus cyprids decreased with 
increasing depth and distance from shore. 
3. Does vertical distribution of barnacle larvae depend on ontogenetic stage and 
changing environmental conditions? 
• Later stage larvae (cyprids) were distributed deeper than earlier stages 
(nauplii). 
• Early-stage nauplii and C. fissus cyprids moved deeper with increasing 
depth and distance from shore. 
• The depth of the thermocline, thermal stratification, and current velocities 
did not impact vertical distributions of early-stage nauplii or C. fissus 
cyprids. 
• SWH did not affect vertical distributions of cyprids, but early-stage 
nauplii were shallower when SWH was higher. 
 
 The findings of this study suggest that barnacle cyprids can better control 
their behavior to get to shore when thermal stratification is higher. Cross-shore 
stratification—defined here as average thermal stratification among the three 
offshore sampling stations— can be associated with shoreward propagation of the 
internal tide, which cyprids can exploit. The resulting hypothesis is that larvae 
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will accumulate nearshore where stratification breaks down, and barnacle 
settlement to the intertidal is expected to increase during highly stratified 
conditions. 
 These results provoke more questions and open the door for future 
research. For example, can these distribution patterns be replicated for other 
species in other systems and locations? The larval depth distributions observed in 
La Jolla nearshore waters throughout 2014 and 2015 imply that depth/pressure 
may be the most important cue that influences vertical positioning of barnacle 
larvae, as they appeared to track bottom depth. Future research is needed to 
confirm this hypothesis. Further, more studies are needed to corroborate the 




 Appendix A: Relationships between larval Mean Depth Distributions (MDDs) 










Figure A1. Mean Depth Distribution (MDD) of early-stage nauplii plotted against 
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Figure A2. Mean Depth Distribution (MDD) of Chthamalus fissus cyprids plotted 
against mid-depth of thermocline at all plankton sampling stations: 4-m, 6-m, 8-
























































































Figure B1. Early-stage nauplii density plotted against thermal stratification during 
2014 spring-summer (A), 2014 fall-winter (B), 2015 spring-summer (C), and 


























































































Figure B2. Chthamalus fissus cyprids density plotted against thermal stratification 
during 2014 spring-summer (A), 2014 fall-winter (B), 2015 spring-summer (C), 












































































Figure B3. Mean Depth Distributions (MDDs) of early-stage nauplii plotted 
against thermal stratification at all plankton sampling stations: 4-m, 6-m, 8-m, 10-
m, and 12-m. See pg. 23 for explanation of MDD calculation.  
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Figure B4. Mean Depth Distributions (MDDs) of Chthamalus fissus cyprids 
plotted against thermal stratification at all plankton sampling stations: 4-m, 6-m, 







































































































Figure B5. Mean Distance from Shore (MDS) of early-stage nauplii plotted 
against average cross-shore thermal stratification. N = 17 cruises. See pg. 24 for 
























Appendix C: Current measurements, and relationships between larval 
densities/distributions and currents. See pg. 25 for explanation of 24-hr average 








Figure C1. Time series of depth-averaged alongshore (v, positive southward) and 
cross-shore (u, positive onshore) currents at 8-m sampling station in 2014: spring-
summer (A) and fall-winter (B). Black rectangles correspond with times of 




























































Figure C2. Average alongshore (v, positive southward) and cross-shore (u, 




























































Figure C3. Larval densities plotted against currents: early-stage nauplii density vs. 
alongshore (A) and cross-shore (B) currents, Chthamalus fissus cyprids density 
























































































Figure C4. Larval Mean Depth Distributions (MDDs) at 8-m station plotted 
against currents: early-stage nauplii MDD vs. alongshore (A) and cross-shore (B) 
currents, Chthamalus fissus cyprids MDD vs. alongshore (C) and cross-shore (D) 
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Figure C5. Larval Mean Distance from Shore (MDS) measurements plotted 
against currents: early-stage nauplii MDS vs. cross-shore (A) and alongshore (B) 
currents, Chthamalus fissus cyprids density vs. cross-shore (C) and alongshore 
























































































































Figure C6. Constrained-Distribution Index (CDI) for Chthamalus fissus cyprids 
plotted against 24-hr average cross-shore (A) and alongshore (B) currents. See pg. 
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Appendix D: Significant Wave Height (SWH) measurements, and relationships 
between larval densities/distributions and SWH. See pg. 26 for explanation of 24-








Figure D1. Time series of Significant Wave Height (SWH) during 2014 spring-
summer (A), 2014 fall-winter (B), 2015 spring-summer (C), and 2015 fall-winter 
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Figure D2. Average Significant Wave Height (SWH) during sampling days in 





































































Figure D3. Early-stage nauplii (A) and Chthamalus fissus cyprids (B) densities 
plotted against 24-hr average Significant Wave Height (SWH) for all sampling 
























































































































Figure D4. Mean Depth Distributions (MDDs) at 8-m station of early-stage 
nauplii (A) and Chthamalus fissus cyprids (B) plotted against 24-hr average 
Significant Wave Height (SWH) for all sampling periods during 2014 and 2015 
(SS = spring-summer, FW = fall-winter). N = 27 cruises. See pg. 23 for 
















































































































Figure D5. Mean Distance from Shore (MDS) of early-stage nauplii (A) and 
Chthamalus fissus cyprids (B) plotted against 24-hr average Significant Wave 











































































Figure D6. Constrained-Distribution Index (CDI) for Chthamalus fissus cyprids 
plotted against 24-hr average Significant Wave Height (SWH). N = 17 cruises. 































































Appendix E: Larval densities and Mean Depth Distributions (MDDs) at each 









Figure E1. Densities of early- and late- stage nauplii at each station during all 

























































































































Figure E2. Mean Depth Distributions (MDDs) of early- and late- stage nauplii at 
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Figure E3. Densities of Chthamalus fissus cyprids at each station during all cruise 






















































































































Figure E4. Densities of Balanus glandula cyprids at each station during all cruise 







































































































































Figure E5. Densities of Pollicipes polymerus cyprids at each station during all 












































































































































































































































































Figure E7. Densities of Megabalanus californicus cyprids at each station during 



















































































































































Figure. E8. Densities of Balanus trigonus cyprids at each station during all cruise 





















































































































Figure E9. Mean Depth Distributions (MDDs) of Chthamalus fissus cyprids at 
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Figure E10. Mean Depth Distributions (MDDs) of Balanus glandula cyprids at 
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Figure E11. Mean Depth Distributions (MDDs) of Pollicipes polymerus cyprids at 
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Figure E12. Mean Depth Distributions (MDDs) of Tetraclita rubescens cyprids at 
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Figure E13. Mean Depth Distributions (MDDs) of Megabalanus californicus 
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Figure E14. Mean Depth Distributions (MDDs) of Balanus trigonus cyprids at 
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Figure E15. Densities of early- and late- stage nauplii at each station during all 


















































































































Figure E16. Mean Depth Distributions (MDDs) of early- and late- stage nauplii at 
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Figure E17. Densities of Chthamalus fissus cyprids at each station during all 




























































































































Figure E18. Densities of Balanus glandula cyprids at each station during all 




















































































































































Figure E19. Densities of Pollicipes polymerus cyprids at each station during all 




















































































































































Figure E20. Densities of Tetraclita rubescens cyprids at each station during all 






























































































































Figure E21. Densities of Megabalanus californicus cyprids at each station during 






















































































































































Figure E22. Densities of Balanus trigonus cyprids at each station during all cruise 





































































































































Figure E23. Mean Depth Distributions (MDDs) of Chthamalus fissus cyprids at 
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Figure E24. Mean Depth Distributions (MDDs) of Balanus glandula cyprids at 
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Figure E25. Mean Depth Distributions (MDDs) of Pollicipes polymerus cyprids at 






























































































• • • • . 
• • ... n • ~ .. 
• . . 
-
. . . 





























Figure E26. Mean Depth Distributions (MDDs) of Tetraclita rubescens cyprids at 




















































































































Figure E27. Mean Depth Distributions (MDDs) of Megabalanus californicus 
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Figure E28. Mean Depth Distributions (MDDs) of Balanus trigonus cyprids at 













































































































































Figure E29. Mean Depth Distributions (MDDs) of early-stage nauplii and 
Chthamalus fissus cyprids: all measurements shown for all cruises with overall 







































































Appendix F: Bubble plots showing concentrations of larvae in each sample 
















Figure F1. Concentrations of early-stage nauplii in each plankton sample during 
cruise dates in 2014. Gray circles scale to highest concentration of early-stage 
nauplii collected in a sample across all cruises during both years: 2104.15 m-3. 
Sampling stations located 280, 460, 640, 820, and 1000 m from shore with bottom 
depths of 4, 6, 8, 10, and 12 m, respectively. Red points represent Mean Depth 
Distribution (MDD) at each station; black points represent that 0 larvae were 
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Figure F2. Concentrations of Chthamalus fissus cyprids in each plankton sample 
during cruise dates in 2014. Black circles scale to highest concentration of C. 
fissus cyprids collected in a sample across all cruises during both years: 216.87 
m-3. Sampling stations located 280, 460, 640, 820, and 1000 m from shore with 
bottom depths of 4, 6, 8, 10, and 12 m, respectively. Red points represent Mean 
Depth Distribution (MDD) at each station; gray points represent that 0 larvae 
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Figure F3. Concentrations of early-stage nauplii in each plankton sample during 
cruise dates in 2015. Gray circles scale to highest concentration of early-stage 
nauplii collected in a sample across all cruises during both years: 2104.15 m-3. 
Sampling stations located 280, 460, 640, 820, and 1000 m from shore with bottom 
depths of 4, 6, 8, 10, and 12 m, respectively. Red points represent Mean Depth 
Distribution (MDD) at each station; black points represent that 0 larvae were 
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Figure F4. Concentrations of Chthamalus fissus cyprids in each plankton sample 
during cruise dates in 2015. Black circles scale to highest concentration of C. 
fissus cyprids collected in a sample across all cruises during both years: 216.87 
m-3. Sampling stations located 280, 460, 640, 820, and 1000 m from shore with 
bottom depths of 4, 6, 8, 10, and 12 m, respectively. Red points represent Mean 
Depth Distribution (MDD) at each station; gray points represent that 0 larvae 
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Figure G1. Vertical salinity profiles from 8-m station during all cruise dates for 
each sampling period: 2014 spring-summer, 2014 fall-winter, 2015 spring-
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